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INTRODUCTION 


The  scattering  of  light  has  been  studied  for  several  centuries.  The  discovery 
of  the  electron,  and  the  phenomena  of  radioactivity  made  available  a  number  of 
particles  for  new  types  of  scattering  experiments. 

The  experiments  gave  considerable  information  concerning  the  structure  of 
nuclei!,  atoms,  and  compounds. 

Scattering  experiments  have  continued  to  be  a  major  source  of  information 
about  interactions  and  particles.  The  classical  and  quantum  theory  of  scattering 
have  been  very  well  developed,  for  both  single  scatterers  and  ensembles  of 
scatterers. 

For  an  ensemble  of  scatterers  there  are  processes  in  which  the  total  scattering 
cross  section  is  proportional  to  the  number  of  scatterers,  and  processes  in  which 
the  total  cross  section  is  proportional  to  the  square  of  the  number  of  scatterers. 

In  the  latter  case  the  process  is  referred  to  as  a  coherent  process.  Under  certain 
conditions  large  effects  may  occur  because  of  constructive  interference. 

Existing  theory  and  reports  of  experiments  in  the  open  literature  provide  no 
examples  of  large  total  scattering  cross  sections  for  the  scattering  of  neutrinos. 
Indeed,  there  are  no  published  data  on  coherent  effects  in  neutrino  scattering. 

It  is  the  purpose  of  this  investigation  to  explore,  theoretically  and 
experimentally,  a  number  of  neutrino  scattering  processes,  in  order  to  discover 
those  which  give  very  large  coherent  total  scattering  cross  sections. 


THEORY  OF  SOME  COHERENT  SCATTERING  PROCESSES 


In  Che  scattering  of  light  the  wave  amplitude  is  given  by  an  object 


R  “ 


r  r  < 

•  t 


V  V 
vlt  tf 


(l) 


The  letter  a  refers  to  the  ath  scatterer,  the  letter  1  refers  to  the 
initial  state,  the  letter  f  refers  to  the  final  state,  the  letter  t  refers 
to  some  transient  (intermediate)  quantum  state  of  the  scatterer.  V  is  a 
matrix  element  of  the  scattering  potential  given  by 

Vit  “  J*i  V,*td3x  (2) 

In  (2)  ^  and  are  vavefunctions  of  the  scatterer,  in  (1)  F^E)  end 

F2(E)  are  functions  of  the  energies  of  the  light  quanta  and  scatterer.  The 
sun  over  a  vill  involve  a  random  phase  for  each  scatterer  a  if  the  initial 
state  ^  is  different  from  the  final  State  This  happens  in  Raman 

scattering.  However,  if  *  4^  then  the  phase  factor  associated  with 

V 

each  scatterer  vill  cancel  out  for  the  product  vitvtf  since  it  is  then 

J**V$td3x  U*  d3x  (3) 

The  important  issue  is  that  if  the  final  state  is  identical  with  or  in 

s 

fact  very  close  to  the  initial  state,  the  random  phase  associated  with  a 
particular  scatterer  vill  not  affect  the  amplitude.  The  resulting  amplitude 
may  approach  the  product  of  the  number  of  scatterers  and  the  amplitude 
contributed  by  one  scatterer.  The  total  scattering  cross  section  may  then 
be  proportional  to  the  square  of  the  number  of  scatterers. 
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A  NEW  PRINCIPLE  OF  COHERENT  SCATTERING 


For  an  incident  particle  lntaracting  with  many  ecatterere,  tha  crosa 
aactlon  la  uaually  computed  in  tha  following  way.  For  aach  acattarar  tha 
amplitude  la  calculated,  aa aiming  that  tha  acatterar  la  acting  Independently. 

And  for  aach  acattarar  treated  In  this  way  the  energy  and  momentum  are  conserved. 
For  the  entire  eneamble  of  acattarera  the  reaultlng  amplitude  is  a  sum  over 
all  acattarera  taking  the  phase  shifts  and  retardation  affects  into  account. 

The  requirements  of  coherence  and  energy  momentum  conservation  are  very 
strict  and  as  a  result  the  coherent  scattering  cross  sections  calculated 
in  this  way  are  often  very  small.  There  are  situations  in  physics  where  a 
large  number  of  particles  may  interact,  as  a  single  entity.  For  example  an 
elementary  particle  may  excite  the  normal  modes  of  a  solid. 

Here  it  is  proposed  that  an  entire  ensemble  of  scatterers  can 
collectively  and  coherently  scatter  a  single  incident  particle  such  as  a 
neutrino.  The  snergy  momentum  conservation  relations  are  assumed  to  apply 
to  the  entire  ensemble,  acting  as  one  entity.  The  conservation  lavs  apply 
to  Individual  particle  interactions  only  if  all  interactions  of  a  given 
acatterer  with  all  other  particles  are  Included.  Each  acatterer  final  state 
la  nearly  the  same  as  the  original  stats.  It  is  essential  to  arrange 
experiments  so  that  appropriate  Initial  and  final  states  srs  available  to 
aatisfy  these  requirements.  Later,  some  experimental  data  will  be  presented, 

indicating  that  this  new  principle  of  coherent  scattering  may  be  valid  for 
some  experiments. 

It  should  be  noted  that  all  of  the  calculations  must  be  done  with  appropriate 
collective  particle  scatterer  quantum  states. 
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Vc  propose  to  apply  those  Ideas  to  the  scattaring  of  neutrinos  in  s  number 
of  ways.  First,  onsldsr  the  Feynman  graphs,  Figures  1  and  2.  In  Figure  1 
the  solid  line  represents  an  electron  scattering  a  neutrino  at  A.  which 
changes  its  energy  momentum.  At  B  the  electron  interacts  with  the  electro- 
magnetic  field.  Figure  2  represents  the  same  process  as  Figure  1  except  that 
the  interactions  with  electromagnetic  and  neutrino  fields  occur  in  the  opposite 
order  from  Figure  1.  Thus  an  incoming  neutrino  produces  an  outgoing  photon  by 
interaction  with  electrons. 


For  such  processes  the  S  matrix  is  given  by 

S“7fJ^ef  (x)^(x)SF(x“y)Y°(1+Y5)^i<y)^vf(y)Ya(1+Y5)^ei(y) 

+>I’#f(x)YaCl+Y5)\('vi(x)?vf(x)yft(l+Y5)SF(x-y)/(y)UC!i(y))d4xd4y  (4) 


is  the  final  state  electron  creation  operator,  U'ei  is  the  initial 
state  electron  annihilation  operator,  A  is  the  Maxwell  4  potential,  the  y’s 
are  the  gamma  matrices  appropriate  for  the  Dirac  aquation,  A  ■  YyAu,  Sj.  is 
the  Feynman  propagator,  V'v  are  the  neutrino  field  operators. 

Let  all  particles  for  the  moment  be  described  by  free  particle  wave fun ct ions . 
Sj.  is  written  as  a  Fourier  integral  over  4  momentum  space.  The  integration 
(4)  is  then  carried  out  to  give  for  N  acatterers  with  final  6tate  identical 
with  initial  state 


S  •Z<2ir),,V:)«4(Pph  “4>v  ) 

1 


(5) 


.th 


j.  is  the  matrix  alement  for  the  Jfc“  acatterer,  p  is  the  4 
j  pn 


lomentum  of  the  photon,  dp 


is  the  difference  of  the  neutrino  Initial 


and  final  state  4  momenta.  (5)  is  then  employed  to  compute  the  differential 
cross  aaction,  assuming  Identical  initial  and  final  acatterer  states 


da  *  (2 vy  (KV)2  -Apv>  J 


d3Pk 

<2ir)3. 


(6) 
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FIGURE.  1  FIGURE. 
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In  (6)  the  continued  product  1*  over  oil  flnel  state  particles.  One  of 
the  quantities  appearing  In  the  Integration  of  (6)  Is  the  solid  angle  Into  which 
the  neutrino  is  scattered. 

Since  each  scatterer  is  assumed  to  return  exactly  to  Its  initial  state, 
all  of  the  change  in  energy  momentum  of  the  neutrino  is  taken  by  the  photon. 
Under  these  conditions,  the  cross  section  for  this  process  will  be  shown  to  be 


Let  the  Incoming  neutrino  be  moving  in  the  s  direction  with  momentum 

Pv=i*  Let  the  outgoing  neutrino  have  momenta  PVzo.  PVx0»  let  the  photon 

have  momenta  p  .  ,  P  .  then 

*phxo*  phzo 


p  4  p  ,  •  0 

•vxo  *phxo 


P  .  »  p  4  p 
.>zi  *vzo  yt 


(7)  and  (8)  are  statements  of  momentum  conservation.  Energy  conservation 
requires 


P  .  ■  p  4  p  , 
rvzi  rvzo  *phro 


2  ,2  .  /  2  2 

Pvzo  Pv  xo  /  pphxo  Pphxo 


(9)  can  be  satisfied  only  if  p,,  •  p  .  •  0  and  the  scattering  is 

vxo  pnxo 

strictly  in  the  forward  direction.  Therefore,  the  solid  angle  into  which  the 
neutrino  is  scattered  is  zero.  The  cross  section  is  zero. 

The  statement  is  often  made  in  textbooks  that  in  Rayleigh  scattering 
of  light  the  initial  and  final  statas  of  the  scatterer  are  Identical. 

Equations  (7), (8),  and  (9)  are  also  applicable  to  Rayleigh  scattering  end 
suggest  that  the  initial  and  final  states  cannot  in  fact  be  identical.  Clearly, 
they  must  be  sufficiently  near  each  other  that  the  random  phase  shifts  discussed 
earlier  do  not  destroy  coherent  effects.  In  the  ce9e  of  atmospheric  Rayleigh 
scattering  from  gas  molecules,  the  situation  is  believed  to  be  the  following. 


The  scattering  it  by  electrons  bound  in  molecules.  The  vavefunction  consists  of 
a  pert  associated  with  the  internal  electronic  state  end  a  part  associated  with 
the  translation  and  or  rotation.  Xn  the  scattering  of  light  the  electron  returns 
to  its  initial  electronic  atatet  but  transfers  some  momentum  to  the  nucleus  by 
the  coulomb  Interaction.  Cooperative  coherent  scattering  appears  possible  in 
which  a  number  of  molecules  absorb  the  momentum  and  scatter  one  photon.  A  very 
small  amount  of  energy  is  associated  with  the  momentum  transfer.  As  e  result 
there  is  only  a  very  small  phase  shift,  the  entire  final  quantum  state  is  nearly 
but  not  identical  with  the  initial  quantum  state,  and  a  range  of  scattering 
angle  is  possible  for  the  photon.  Many  atoms  can  cooperatively  scatter  one  photon. 

For  our  further  discussions,  we  will  consider  cases  where  the  initial 
and  final  wavefunction  are  very*  nearly  but  not  exactly  the  same. 


EVALUATION  OF  MATRIX  ELEMENTS  FOR  NEUTRINO  ELECTRON  PHOTON  SCATTERING 


The  matrix  element  U  appearing  in  ( 5 )  may  be  written  in  terms  of  the 
electron  and  neutrino  apinors  ,  U^  and  the  Fourier  transform  of  the  free 
electron  propagator  S^.,  as 


•G 

r 2 


W«4,S>V/a(W!)l.i 


+  V"(W5>VUVl*VSl/l'.i 


(10) 


In  many  scattering  calculations,  it  is  customary  to  square  (10)  and  then 
sum  over  ell  spin  states  obtaining  expressions  which  ere  the  trace  of  a  long 
product  of  matrices.  Xn  this  calculation,  it  la  essential  to  sum  over  all 
scatterers  first.  It  is  helpful  also  to  separate  (10)  into  terms  which  contain 
spin  operators  and  terms  which  do  not  contain  epln  operators.  For  evaluation 
of  (10),  we  will  assume  that  and  U#i  reprasent  electrons  at  rest  and  l'vi 
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Q  5 

represents  •  neutrino  propapeting  In  the  s  direction.  For  Y  end  l*r 

we  chooee 

(ID 

(12) 


Momentum  conservation  requires  in  the  first  term  of  (10) 
r,  j  V  1  _  _  Uef  ^/ph 


5-  * '  w 


JW 


end  for  the  second  term  of  (10) 

s_li'  -  - ! -  •  (it) 

*  >,h"*  J  f. ‘  Pph 

Let  ft  _  be  e  unit  vector  in  the  photon  polarisation  direction.  Then 
pos 

fH  •  y.ftp^A.  Let  ftph  be  a  unit  vector  in  the  photon  propagation  direction 

and  let  ft.  be  a  unit  vector  in  the  direction  of  the  difference  of  the 
Av 

neutrino  initial  and  final  state  momenta.  Let  the  l  component  spinors  V  be 
expressed  in  terms  of  2  components  spinors  x*^  by 


rM« 


;  s  <■  i  :• 


0  0  Ki  Kf 


b°  o 


|k<1  »  <VV?  >«-V>t*)]|X»» 


9 


Consider  the  object 
o  o 
o 


*vi 

V 


|4 


Kf 


ba  o 


o  o 


ba  *vi  *vf  b 


o 

o 


(17) 


Let  »-  *«  xvi^£b°t 


(18) 


Employing  (17)  end  (16)  in  (16)  gives 


ieG/2 


o  X 


ef 


-f) 


0  0 

£  o 


o  o 

B  o 


(-<o +  «**>«•  V 


(19) 


(19)  contains  the  terms 

*-VA<Y°  ’  VA A  V*v  JjVjVuVi A(with  1  * J) 

<VV Y)  R-*polA)';iptfipo(A  +YoAY-flpoS  +  1  Y1YJ  "phi”p0KJA(uith  1  *  S) 

If  unpolarized  ecatterers  ere  employed,  only  the  spin  independent  terms  will 
contribute  significantly  to  the  sum,  because  terms  containing  spin  operators 
are  spin  averages.  It  is  also  important  to  note  that  the  spins  of  the 
ecatterers  may  or  may  not  change  in  consequence  of  the  scettering. 

He  assume 

Xvi  " 


(20) 

(21) 


*Vf 


1 

; 

0 

m 

0 

for  neutrino^  and 

1 

“f  J 

m 

.  1 

•f 

X.l  «  X,f  .  * 

6. 

for  antineutrinos 


(22) 
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We  note  then  that  the  coherently  emitted  photons  may  be  the  result  of 
neutrino  Induced  spontaneous  emission  or  stimulated  emission  as  a  result  of 


the  neutrinos,  and  electromagnetic  field  A#. 

It  la  also  important  to  note  that  (25)  will  result  if  ve  consider  the  entire 
ensemble  of  scatterers  as  one  particle  since  e  ^  Me;  G  -*■  NG  m  -*■  Nm. 

The  entire  ensemble  scatters  one  neutrino. 

NEUTRINO  ELECTRON  PHONON  SCATTERING 


A  neutrino  may  scatter  as  a  result  of  interactions  with  electrons  and 
nucleons  in  a  solid.  Consider  first  electron  neutrino  phonon  scattering. 

A  phonon  displaces  nuclei!  relative  to  the  electrons  and  produces  a 
polarization.  The  energy  of  interaction  between  electrons  and  the 
displaced  nuclei!  is 

e  '  ^nu ' 


^NT 


J 


(r ) Pnu (r  * ) d  3*d  3X ’ 


r  -  f  ’ 


p  is  the  electron  charge  density  given  by 


pe  «  -eii,  ^ 


(2 


(2 


C^u  is  the  charge  density  of  the  displaced  nucleii.  Let  q  be  the  particle 
displacement  associated  with  phonons.  Then  the  polarization  ?  say  approach 
the  value 


_  ZeN  C 

T'  — » 

Here  Z  Is  the  nuclear  charge  number  and  ^  is  the  number  of  nucleii  per 
unit  volume.  From  electrostatics,  it  is  known  that 


The  relatione  (27)  -  (30)  then  leei  to 

Harr  “  *ll  [  »W)9*  gCr'^xdV  (31 

V  J  lr-?'| 

because  of  •  cteehiiig ;the  potential  is  not  of  infinite  range.  In  a  certain  level 
of  approximation,  ve  may  make  the  replacement 


|?  -  r' 


*  a  63  (  r  -  r!) 


In  (32)  a  is  the  linear  dimension  of  a  unit  cell.  (31)  and  (32)  then  lead  to 
2  2 

hint  •  Ze  Ka  f  d3x  (33 


The  phonon  displacement  Jj  is  written  as  the  Fourier  series 

TkT  /  2p  .(k)v  k  k 

®  L  - 

Here  p  is  the  mass  density,  V  is  again  the  volume,  k  is  the  wavenumber, 
m  • 

The  divergence  of  q  is  required  and  is  evaluated  as 


V.q  -  I 


1_  /  0)  b  eilk*r-wt]+  b+  e-i[k*r-wt] 

/  m.  L  k  k  J 


the  phonon  field  operator  $  is  defined  as 


4>  .  I 


/V  [  ilk.?  HUt)4  b+  [k * r 

/  2V  L 


(33),  (35)  and  (36)  then  give 


htwt  “  g  HW  X 


J 


with 


2  2 
Jfc*Na 


®  *  Vv  /p_ 


Corresponding  to  the  neutrino  electron  photon  process  of  equation  (4) 
ve  have  the  neutrino  electron  phonon  process  vith  S  natrix  given  by 

[j^ef<x>V(x)ST(x“y)Y°  Vy>  Ya(1+  Y5),J'ei(y) 

♦  ?,,(*) T®  <i*rsHvi(*ftv,(*>ra  a+r5)srh-y)Yc,*(y)*.1(y>] 

The  matrix  elements  are  then 


* 

5?  [u.Vp  *fy#  <1+V  V1+Yy 


*  °.f  Y  <1+Y5,Dvi0vf  V1+VSFyo*P  °.i 


In  (40)  A 


is  the  part  of  the  phonon  field  operator  which  creates  a 


phonon  with  4  ■momentum  Pp>,0‘  ^or  standing  waves  the  space  part  of  p  ^  is  aero 


(40)  contains  in  the  first  term 


*.i+ 


Pei  is  the  initial  state  electron  momentum,  Ap^  is  the  difference  of 

the  initial  end  final  state  neutrino  momenta.  (41)  may  be  written  as 


*tl  *  4m 

the  second  term  of  (40)  contains  the  factor 


^ei^pho”® 


(4.1)  is  written  as 


*tl  -  ^DhO4* 
“2t>ei*Ppjj0 
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These  relations  enable  evaluation  of  (40)  as 


V£  1°  ♦«*! 

Y2 


B 


.  2  APV  j  [  AEphon 


el 

o 


(45) 


For  a  process  in  which  the  initial  end  final  electron  states  are  identical 
the  change  in  neutrino  energy  momentum  is  equal  to  that  carried  away  by  the 
phonon,  end  (45)  will  sun  to  zero.  Such  a  process  would  have  an  Incredibly 
small  cross  section  even  if  (45)  had  the  value  given  only  by  the  second  term. 

On  the  other  hand  it  appears  possible  for  the  entire  ensemble  of 
scatterers  to  absorb  the  neutrino  energy-momentum,  in  which  case  c^Pv>>Ephon 

end  the  second  term  of  (45)  is  the  primary  contribution.  Each  scatterer  has 
a  final  state  very  close  but  not  identical  to  the  initial  state.  In  this  case 
ve  may  expect  for  the  summation  of  (45)  over  N  scatterers 


V 


NgG 


8uj (antineutrinos) 
or 

t(M  5 

(neutrinos) 

B 

<$*> 

e 

<**> 
r  o 


1/2 


(46) 


<$>*> 

the  factor  1  +  — * —  tabes  Into  account  effects  of  a  phonon  field 

<4a> 
r  *o 

which  may  he  present  and  the  cero  point  fluctuations  <(pi>0> 
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PHASE  SPACE  INTEGRALS 


Calculation  of  tha  scattering  cross  aection  requires  the  evaluation  of  an 
integral  over  the  phase  space  of  all  outgoing  particles.  The  invariant  integral 
for  n  outgoing  particles  is 


»n*| 


»(-p1m  (E(-y 

ElE2*‘**En 


(4 


In  (47)  p^  and  pA  are  the  total  final  state  and  initial  state  three  momenta. 


respectively.  Ef  and  E^  are  the  total  energies.  For  some  purposes  and  in  a 


certain  level  of  approximation  ,  the  ensemble  of  scatterers  may  be  treated  as  a  single 
particle.  For  the  evaluation  of  (47)  vith  3  outgoing  particles,  the  integral  over 


p,  is  carried  out  and  this  eliminates  the  three  space  momentum  delta  function 


3 

i  9  3 

d  p^  is  replaced  by  dfl^p^dp^  vith  a  similar  replacement  for  d  p2  obtaining 


’•‘I 


dn1dn2pEdp1pEdp2g(Ef-EA) 


E1E2E3 


the  energy  relation 
~2 


2.2 

p  4m 


gives  EdE  •  pdp 

! 


and  (48)  becomes 


\  dfl1dn2P1p2dE1dE26(Ef-E1) 
E3 


(4 


(4! 


(5 


Let  @A2  be  the  angle  between  the  final  state  momenta  of  particles  1  and  2. 
dft^  •  2ird(cos6A2)  and  this  leads  to 

R_  •  2ir  f  «^1dE1^E2l>lp2d ^C0,ei2)S 
J  *3 


(52) 


The  calculation  la  performed  in  the  canter  of  meet  coordinate  system,  with 

p3  “  pi  4  2pl'*2  4  p2 
partial  differentiation  of  (52)  leads  to 


p3dp3  *  P1P2d(cos612) 


(53) 


Up  to  this  point  the  evaluation  of  (47)  has  followed  the  standard 

procedures.  Now  let  1  refer. to  the  neutrino,  let  2  refer  to  the  photon  and  let 

3  refer  to  the  energy  and  momentum  of  the  ensemble  of  acatterers. 

Suppose  the  ensemble  of  acatterers  consists  of  particles  weakly  coupled  to 

each  other  with  individual  exchanges  of  energy  and  momenta  uncorrelated.  Let  the 

average  kinetic  energy  of  each  ecatterer  be  <E  >.  . .  Then 

fcei 

2  N  2  2 

p3  *  ^  pi  ’  N(2n,<8  W 


(54) 


From  (54)  the  total  energy  E3  is  related  to  total  momentum  p3  by 

E3  -  Nm  +  3 

2m 

Differentiating  (55)  leads  to 


p3dp3 


Employing  (55)  and  (56)  in  (51)  then  gives 


N, 


2irm 


dnidE1dE2dE36(Ei-  VVV 


»  Nn  and 


(57)  becomes 
dn1dE1dE2 


(55) 


(56) 


(57) 


(58) 


I 


Or  the  other  hand,  the  ecatterers  Bay  ba  atrongJy  coupled  to  each  other,  in 
which  case  (54)  Bight  ba  replaced  by 


2  ^2  2  2 

pi  -  (  I  p.)  ♦.  hK'<E  >,  .f 

J  1-1  1 


kai 


(55) 


Here  f  is  a  function  which  apeclfies  the  degree  of  correlation  of  momenta 
of  the  scatterars. 


(60) 

(61) 


(62) 


(63) 


(64) 


(65) 


J 


(66) 


Suppose  BOV  that  tha  ensemble  of  acattarara  la  taken  at  one  of  the  particles 


aatiefying  (55).  New  (56)  gives 


dE 

dp 


For  N2  ,  evaluation  of  (63) ,  then  gives 

*2  '  j*1! 


(67) 


(68) 


If  the  motion  of  the  acatterers  is  strongly  correlated  the  integration  of  (65)  will 


then  give 


It  is  important  to  note  that  our  calculations  of  the  phase  apace  factor 
Involve  only  those  p.rts  of  phase  apace  for  vhich  energy  and  momentum  are  strictly 
conserved.  For  the  appropriate  amplitude  the  only  phase  shifts  vhich  then  need  to  be 
considered  are  those  resulting  from  retardation  effects  to  give  the  phonon  or 
photon  field,  and  the  random  phase  shift  of  each  acatterer  associated  with  the  lack 
of  exact  equality  of  the  initial  and  final  states. 
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COHERENT  SCATTERING  CROSS  SECTIONS 


Matrix  elements  have  bem  evaluated  for  the  cue  where  the  initial  and 
final  acattarer  states  are  identical.  As  noted  earlier ,  in  this  case,  the 
cross  sections  vanish.  Ve  now  explore  situations  for  neutrino  coherent  scattering 
with  nearly  Identical  initial  and  final  states. 

Electron  neutrino  interactions  are  ordinary  described  by  the  object 

V  (70) 

and  41  are  considered  to  be  field  operators  ordinarily  written  as  a 
sun  of  creation,  and  annihilation  operators  for  electrons.  (70)  then  results  in 
matrix  elements  in  which  one  electron  is  annihilated  and  another  one  created. 

For  an  N  particle  initial  state  there  are  N  matrix  elements  representing  interaction 
of  each  scattereT,  one  at  a  time.  If  all  these  terms  are  properly  phased  the  sum 
of  the  N  matrix  elements  might  approach  N  times  the  value  of  each. 

The  interaction  (70)  was  designed  to  describe  Interactions  involving  small 
numbers  of  particles.  A  similar  situation  exists  for  Interaction  of  an  electron 
with  the  nuclei!  of  a  solid.  The  interaction 

^€(*)y^#(x)i>£(*-y)4'p(y)Y'l'p(y)  (71) 

could  give  a  sum  of  terms  inolving  single  protons.  In  solid  state  physics 
the  many  particle  effects  are  taken  into  account  by  amploying  the  lattice 
vibration  normal  modes  and  the  a lectron- phonon  Interaction. 

Ve  may  Interpret  the  interaction 

WTi,lTi  (72) 

a 

as  one  Involving  a  direct  coupling  of  N  acatterers  to  one  neutrino.  The 
ensemble  of  acatterers  has  states  of  total  energy  momentum  spin.  The  operators 
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and  /»  ^  art  expanded  la  thttt  tttttt  of  total  tntrgy  momentum  tpin. 

The  expansion  eotfflcloott  art  thtn  ertttion  and  annihilation  optrators  for  th« 
•omentum  and  energy  of  tha  ensemble.  Under  thttt  conditions  the  integration  of 
( 4)  would  bt  expected  to  yield  quantities  such  at ' 

Hu6(Apv4  I  Ap^  4  pph) 

The  aatrix  elements  y  are  in  •  certain  approximation  the  tame  as  the  ones 
obtained  earlier.  The  4  dimensional  delta  function  has  as  argument  the  change  of 
neutrino  energy  momentum,  the  change  of  energy  momentum  of  the  entire  ensemble  of 
acatterers  and  the  momentum  of  the  photon  or  phonon.  An  alternative  procedure  is 
given  by  equations  (86)-(92). 

Suppose  now  that  we  can  arrange  a  solid  or  liquid  with  a  system  of  quantum 
states  such  that  coherent  scattering  of  the  kind  discussed  earlier  is  possible. 
For  electron  neutrino  scattering  the  cross  section  vould  be 

with  Nj  given  by  (46),  (58)  or  (62).  For  photons  as  one  of  the  final  state 
particles  the  use  of  the  matrix  elements  already  given  leads  for  the  case  of 
acatterers  weakly  coupled  to  each  other  (equation  54) 

d. . 

(2*)VcVc4 

The  cross  sections  will  he  extremely  small  unless  the  ensemble  of 
acatterers  can  somehow  absorb  significant  amounts  of  neutrino  energy  and 
momentum.  If  the  acatterers  behave  like  a  massive,  perfectly  elastic  potential. 


the  scattering  cross  section  would  be  proportional  to  the  square  of 


which  it  the  fen  factor  of  the  "density"  of  acattartra  p#(r).  At  MEV  energies 
(76)vould  give  a  vary  null  raault  for  a  aolld.  Returning  to  (75)  ve  imagine  first 
that  aa  a  raault  of  internal  intaractiona  tha  ensenblc  of  acattarara  can  abaorh 
tha  momentum  of  tha  neutrino*  but  not  ita  energy.  Than,  tha  outgoing  neutrino 
sight  have  any  value  of  nomenttn  between  lta  Initial  value  and  tha  negative  of 

its  Initial  3  momentum.  dp  -*4tt ,  dEv  *dEp^.  For  atrongly  coup  a  ad  acattarara 

2  3 

N  in  (75)  night  be  replaced  by  a  quantity  approaching  N  .  For  (75)  as  it  stands 

with  K  +  103^,  dE  .*♦  10~*8,  vacuum  alactronagnetic  fields*  all  scatterers  in 

pn 

a  region  enall  conparad  with  a  photon  wavelength: 

o  •*  ltT1*  ca?  (77) 


Suppose  a  notarial  is  employed  with  acattarara  having  quantum  states 
which  permit  most  of  tha  neutrino  energy  nonentum  to  be  absorbed.  Than  each 
scatterer  will  have  a  final  state  which  differs  In  energy  from  the  initial  state 
by  £l  with 


K 


and  nonantun  change  Ap#  given  by 


Tha  phase  shifts  associated  with  (76)  and  (79)  are  not  sufficient  to 
significantly  affect  the  coherence.  Under  these  conditions  (75)  could  be 
evaluated  with 


dEv  *►  Ey  .  For  H  1030,  dEph  l(f 18 


9  +  10 


For  neutrino  electron  phonon  scattering  the  coherent  cross  section* 
assuming  (46)  is  valid*  is  given  by 


(78) 


(79) 


(80) 
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I-*' . r-***,fe* 


05  ww^, 

(2*)Vc9 

In  (6D  v  Is  ths  speed  of  sound.  Depending  on  the  internal  structure  dE t 
again  night  approach  E^  .  The  electron  phonon  coupling  constant  g  is,  for 
metals  (CCS  units)  given  by 

g2  -►10”^5erg  cn^ 


NEUTRINO  INDUCED  STIMULATED  ABSORPTION 


Corresponding  to  the  photon  or  phonon  emission  processes  there  are  stimulated 
absorption  processes  indicated  in  the  'eynman  graphs,  figures  3  and  U.  The  sane 
matrix  elements  may  be  employed,  but  the  final  state  in  each  instance  contains  only 
the  neutrino  and  the  assemblage  of  scatterers.  The  phase  space  factors  (65)  or 
(69)  are  appropriate.  Tor  the  photon  case,  the  cross  section  for  absorption  is 
therefore  given  by 


oC2EtEvK2N2U'2hdD 


(2*)  m 


U  U  4 
m  c  t>  c 


(75A) 


and  for  the  phonon  stimulated  absorption 

gWA  , 

°  * - rn — 

(2*)  Vc  v 


(81  A) 


(75A)  and  (81A)  must  be  summed  over  all  photons  or  phonons  which  may  be  present. 


CLOSELY  SPACED  SCATTERER  STATE  POSSIBILITIES 


The  Importance  of  having  very  closely  spaced  scatterer  states  is  evident. 

One  way  of  achieving  this  with  electrons  is  to  hsve  each  electron  exchange  energy 
with  a  nearby  nucleus  via  the  coulomb  interaction  as  indicated  by  the  Feynman 
graph.  Figure  5.  We  night  expect  a  matrix  element  having  an  additional  power 
of  the  fine  structure  constant  and  detailed  calculations  are  being  done. 


Another  possibility  consists  of  employing  spin  states  or  some  other  degree 
of  freedom  with  quantum  state  spacing  which  can  be  controlled  by  application  of 
an  appropriate  field.  Suppose  that  only  the  temperature  of  the  scatterers  is  known 
and  therefore  that  each  scatterer  quantum  state  is  an  appropriate  mixture  of  spin 
or  other  states. 

It  is  also  assumed  that  the  momentum  of  the  Incident  neutrino  will  be 
absorbed  by  the  assemblage  and  that  only  the  energy  change  needs  to  be  accounted 
for  by  the  possibilities  considered  here. 

Let  all  scatterers  have  the  same  temperature.  Let  be  an  annihilation 
operator  for  a  scatterer  with  the  given  mixture  of  states.  Assume  that  the 
scattering  changes,  slightly,  the  mixture  of  states.  Let  c^  be  a  creation  operator 
for  the  new  set  of  states.  Each  neutrino  is  Imagined  to  be  scattered  by  the 
entire  ensemble. 

Let  the  initial  state  be  represented  by 

|cj  c2+c3+...  c  +1  o>  (83) 

and  let  the  final  state  be  one  in  which  all  the  particles  are  in  a  slightly 
different  mixture  of  states,  described  by 


<o|c1,t2,c3'...cn'| 


(84) 


For  example  the  atete  (84)  say  differ  from  (83)  only  in  the  temperature. 
The  interaction  vill  then  involve  the  eum  I  I  c'^c'.  With  the 

i  i  3 

initial  and  final  etates  (84)  and  (83).  The  only  terms  of  the  interaction 
which  produce  coherent  scattering  are  those  for  which  i  *  j  and  the 


summed  matrix  element  is 


<0tci  c’  cj....c;|  I  cj'Cj  |  V*c*....c+  0> 

As  an  example  let  us  evaluate  (85)  for  the  case  where  each  scatterer  car. 
be  one  of  two  spin  elates,  with  c^  associated  with  the  spinor 


i 


K>1/2 

and  cj  associated  with  the  slightly  changed  spinor 


~  6 


[1  -  (^-fi)2]172 


6  is  a  very  small  quantity.  (85)  may  then  be  evaluated  as 

j  -n£2 

<C1  c2  c3*“cilI  cj  cjl  cl+c2+c3+*,,cn+>>  "  N(  **  +  *  '  Ne  2 

(88)  is  applicable  to  all  of  the  earlier  processes  considered,  where  the  primed 
states  differ  from  the  unprimed  ones  in  the  small  changes  of  energy — momentum 
implied  by  (78)  and  (79). 

Suppose  (88)  is  applied  to  spin  states  in  a  magnetic  field.  Let  the  magnetic 
moment  of  each  scattarar  be  y^  and  1st  a  magnetic  field  be  applied.  Then 

the  average  change  in  energy  of  each  scatterer  following  scattering  la 


(39) 


I* 


t  |i  u  Hi^d  x  and  from  (66)  and  (67) 

o 


<“>S12  ’  “'."mag56 

For  N  scatterers  to  absorb  energy  E  It  is  necessary  that 


N«»sl2  •  4"»"kag8S  n  ■  Ev 
to  obtain  a  large  cross  section  (86)  requires 


'* 1 


The  appropriate  magnetic  field  consistent  with  (90)  and  (91)  is 

*v.G  -  — - 

6/Jk 

ID 

where  N  is  the  number  of  scatterers,  and  6  must  remain  sufficiently  small  so 
that  the  phase  shifts  do  not  destroy  the  coherence . 


(90) 


(91) 


(92) 


i 

I 

i 


DETECTION  OF  COHERENT  SCATTERING  BY  OBSERVATION  OF 
THE  ELECTRIC  AND  MAGNETIC  FIELDS  OF  THE  SCATTERERS 


The  earlier  discussions  involved  coherent  effects  in  which  as  a  result 
of  neutrino  excitation  an  entire  ensemble  of  scatterers  emitted  one  photon  or  one 
phonon  which  is  detected.  It  appears  possible  to  obtain  larger  coherent 
cross  sections  by  omitting  the  step  of  photon  or  phonon  emission.  The  coherent 
effect  appears  observable  by  making  use  of  the  Coulomb  type  electric  or 
magnetic  fields  of  the  scatterers.  This  process  appears  applicable  to  electrons, 
protons,  neutrinos,  and  certain  nuclei  . 

Without  the  photon  emission,  the  matrix  element  (4)  for  electron 
neutrino  scattering  is 


ev 


G 

72 


2ya 

electrons 


<1^5>UviUvfV1V5>'’ei 


(93) 


and  for  either  proton  or  neutron  -  neutrino  scattering 

Frotons-neutrons 

where  the  object  ^  is  a  function  of  neutrino  creation  and  annihilation 
operators,  form  factors  and  gamma  matrices.  The  objects  (93)  and  (94)  are  summed 
over  all  scatterers  and  then  squared.  This  squared  sum,  in  ordinary  scattering 
experiments  is  approximately  N  times  each  squared  term.  The  scattering  is 
incoherent  «*.cause  the  initial  and  final  states  are  usually  very  different  and 
have  random  phases.  Coherence  effects  again  appear  possible  if  the  initial  and 
final  states  are  nearly,  but  not  exactly,  the  same. 
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bet  **ch  scatterer  be  lntgincd  localized  near  some  sice  in  a  solid  or 
liquid  and  to  have  a  number  of  closely  spaced  quantum  states*  Let  each 
scatterer  be  in  an  appropriate  mixture  of  such  states,  defined  for  example 
by  the  temperature  and  a  density  matrix*  Since  all  scatterers  so  far  considered 
have  spin  ^  o  the  treatment  similar  to  (83)-(92)  appears  applicable. 

the  scattering  cross  section  for  such  a  process  is  evaluated  as 
approximately 


a 


/.  N4>4  4 
(2tt)  “h  c 


(95) 


In  (95)  Eg  is  the  energy  of  each  scatterer,  electron  or  nucleon. 

Each  scattering  produces  a  change  6  in  the  spin  state  mixture  with 
the  magnetic  field  so  arranged  that  the  scattering  produces  an  absorption  of 
energy  by  the  spin  system.  If  the  spin  system  is  totally  isolated  from 

the  lattice,  the  degree  of  alignment  of  the  spins  would  continue  to  increase 
until  all  moments  are  antiparallel'  to  the  magnetic  field.  However,  as  soon  as 
6  starts  to  change  from  its  thermal  equilibrium  value  the  spin  system  begins 

to  relax  to  the  lattice  temperature.  A  stationary  state  may  ultimately  be  reached 
corresponding  to  a  spin  temperature  different  from  the  lattice  temperature.  It 
is  proposed  to  observe  this  change  in  spin  temperature. 

The  orientation  energy  of  the  spin  system  in  the  external  field 

USpin  is  »lven  by  /As  Hnag^  *3*’  •» 


U 


Spin 


HH  U  (282-D 
mag  mag 


(96) 


dU 


SPIN 


dt 


4NH  V 

mag  mag 


d6 

dt 


(97) 
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This  rat*  of  change  of  anargy  is  deteimined  by  the  absorption  of  energy 
from  the  neutrinos  with  a  rata  governed  by  the  neutrino  flux  F,  and  crocs 
section  O,  the  spin-lattice  transition  probability  from  the  lover  to 

the  upper  spin  state  and  from  the  upper  to  the  lover  spin  state. 

Therefore,  ve  have  from  (96)  and  (97) 


4  NH  M 
magmag 


^  -  OFE 

dt 


V 


+  (l-62)H{^1dE-82Nwl2AE 


(98) 


AE  is  the  pure  spin  state  energy  difference,  not  the  difference  in  mixed  state 
energies . 

In  the  absence  of  neutrinos  the  steady  state  value  of  8  for  which  ve 
employ  the  symbol  8Q  is  given  by 

(1  -8^)Nw21  -  8^Nu)12  -  0  (99) 

If  the  neuf-  co  scattering  produces  a  total  change  £8  vhen  a 
stationary  state  is  reached,  ve  have  from  (98)  and  (99) 


crFE.  -  f(28A8)Nu)21  +  28ASNu»12)AE]  -  0 


“12*  “21 


if 


«1  and  for  this  condition 


kT 


M-  °JS> 


46H10J!  AE 

In  the  absence  of  scattering 

.2 


„fi-E 

er  _  .  m 

1 "  a-"  ■  a 

1-8 


(100) 


(101) 


(102) 
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1 

j 


6e 


In  (102)  $E  is  the  difference  in  energy  between  the  two  states 


Differentiating  (102)  leads  to 


(d6)« 


6E 


(1 -B2)8 


2  kT 


dT 

T 


(103) 


with  (dS>T  the  change  in  6  associated  with  a  change  in  temperature  dT 
The  steady  state  change  due  to  scattering  (103)  is  thus  observable  as  an 


apparent  difference  in  spin  and  lattice  temperatures  Wr)equivajent  with 


dT  .  .  6e 

equivalent 


aFE. 


2kT 


4B2Noj21(1-62)6e 


(104) 


Since  d‘E  ■  y=v"  »  (104)  may  be  written  in  the  form 


dT 


equivalent 
T 


aF 


26  V,  E 
21  v 


(kT) 


(105) 


U21  *8  c^e  reciprocal  of  the  spin  lattice  relaxation  time.  It  is  known 

that  for  some  materials  —  for  example  lithium  fiuor'ie,  the  spin  lattice 

relaxation  time  is  several  minutes.  If  the  cross  section  ^5)  can  be  achieved, 

22  2 
10  nuclear  spins  will  give  a  coherent  cross  section  O  «*  1  cm  . 

For  T-300*K  a  neutrino  flux  10^  per  square  centimeter  per  second 

at  1  MEV  would  double1 the  spin  temperature.  Lowering  the  temperature  will 

reduce  e^. 

There  are  a  nuftber  of  other  possibilities.  Nucleons  might  be  endowed 
with  spin  greater  thap  1/2,  and  have  quadrupole  moments.  An  example  is  deuterium. 


I 
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Closely  epeced  states  result  from  the  interaction  of  the  quadrupole  moment 
vith  the  internal  crystal  field.  Another  method  would  employ  quantum  state 
mixtures  which  have  an  electric  dipole  moment  and  produce  an  appropriate 
structure  by  application  of  an  electric  field. 

COHERENT  SCATTERING  BY  A  CRYSTAL 

The  following  example  has  been  Instructive  in  understanding  what 
may  be  important  factors  in  obtaining  a  large  cross  section.  Consider 
a  crystal  containing  a  large  number  of  scatterers.  Let  the  crystal  recoil 
ar.d  absorb  whatever  momentum  must  be  exchanged.  The  total  mass  of  the 
scatterers  is  so  large  that  the  transfer  of  momentum  from  the  neutrino 
will  not  be  accompanied  by  significant  energy  transfer.  The  neutrino 
energy  may  be  transferred  by  change  of  the  scatterer  spin  state  mixture 
or  by  other  means.  The  crystal  is  assumed  to  be  very  stiff. 

Consider  the  S  matrix  element  involving  neutral  currents 

a'/ 

In  (106)  the  subscripts  S  and  V  rafer  to  scatterer  and  neutrino 
respectively.  The  subscript  o  again  refers  to  the  initial  state  and 
the  subscript  f  refers  to  the  final  state.  T  and  K  are  the  required 
operators  for  the  neutral  current  interactions. 

The  assumption  of  stiffness  is  interpreted  to  mean  that 

the  final  state  of  the  scatterer  has  the  same  particle  density  distribution 


't 


;i  . 
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as  tha  initial  seat*.  Tharaforc 


r«t-r,A. 


(10?) 


the  final  state  vavafunction  for  tha  ensemble  of  acattarcrs  is  therefore 


-  i  c£st  ♦  L  dfa  •  X 


(10B) 


has  the  properties 


JiC 


(105.) 


(110) 


The  incident  and  scattered  particles  are  represented  by  plane  waves. 
The  S  matrix  (106)  may  then  be  written  employing  (107)  as 


■  J  %r  4 


k  u..  - 


‘  (“fv  *  xr 


d‘ 


let  us  define  e  Fourier  transform  $(pg)  by  the  relttion 


K  tL  4  V 


Vf VO 
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(111) 


(112) 


Employing  (112)  in  (111)  than  gives 


S-  ft r, 


(113)  la  evaluated  as 


J=  4>  (-Hfr-Afr) 


Let  us  evaluate  (114)  for  an  ensemble  of  scatterers  in  a  stiff  crystal 
with  the  nth  ecatterer  confined  to  a  cubical  box  Lt  units  in  length  at 


•pace  coordinate  x  .  The  result  is 

n 


5-  $ 


i 


c  tat*h  *•»*  I  (5ft*  «-*/>»  K & 1 1 

)  ^  2.  J 


(115)  in  identified  u 


(116) 


(115)  would  give  the  fora  factor  of  tha  solid  if  and  AE(  ware  not 

prtsent.  Tha  axchanga  of  energy  and  aoaentua  in  a  controlled  way  is 
very  aasantial.  For  N  scattarers  the  total  cross  section  night  then 
approach  tha  value 


<r-» 

(LIT? 


cun 


EXPERIMENTS 


The  theory  already  praaented  suggests  that  coherent  scattering  might  be  observed, 
with  large  total  cross  sections  for  the  scattering  processes  Figures  1  and  2.  In 
these  a  neutrino  is  scatte  .  by  an  electron  and  a  low  frequency  photon  Is  emitted, 
with  cross  section  given  by  (75).  The  earth's  magnetic  field  satisfies  the  t  ijquire- 
nents  of  (92). 

One  series  of  experiments  was  carried  out  employing  a  large  tank  of  demineralized 
water,  four  feet  in  diameter  and  4  feet  long.  A  second  series  employed  manganese 
nitrate  in  a  chamber  20  inches  in  diameter  and  20  inches  long.  The  reactor  at  the 
National  Bureau  of  Standards  in  Gaithersburg,  Maryland  was  employed.  It  has  a  power 
output  of  ten  megawatts  and  operates  continuously  except  for  maintenance  periods. 

The  apparatus  was  located  in  a  well  shielded  area  about  thirty  feet  from  the  core. 
Search  was  carried  out  in  the  band  25-50  Mcs,  and  in  another  series,  in  the  band 
4-1000  Mcs.  Small  effects  were  seen.  However  the  power  received  for  the  25-50  Mcs 
experiments  was  less  than  1(T14  watts,  and  for  the  4-1000  Mcs  experiments  the  power 
receive  was  less  that  4xl0~13  watts. 

The  Manganese  nitrate  experiment  was  repeated  at  the  A.F.R.R.I.  Triga  Reactor. 

The  pulsed  mode  was  employed,  with  166Q  megawatt  10  millisecond  pulses.  The  high 
neutron  flux  levels  and  the  pulsed  mode  made  observations  difficult  and  it  was 
decided  to  return  to  the  National  Bureau  of  Standards  reactor. 

At  the  National  Bureau  of  Standards  reactor  there  are  many  experiments  which 
require  a  constant  power  level.  The  reactor  is  turned  off  about  every  forty  days 
for  maintenance.  The  most  useful  observing  times  are  when  the  reactor  is  being 
switched  on  and  off.  The  electron  scattering  experiments  were  observing  effects 
too  small  to  be  of  interest  for  the  major  research  objectives.  Extremely  long 
running  times  would  be  necessary  to  verify  that  the  effects  were  not  due  to  st  ,is- 
tical  fluctuations.  It  was  decided  to  explore  the  neutral  current  scattering 
processes  discussed  in  equations  93-117. 
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First  a  teflon  cylinder  0.75  inches  in  diameter  and  2  inches  long  was  employed. 
The  50  kilowatt  reactor  at  the  University  of  California  Irvine  was  available.  The 
apparatus  was  approximately  50  feet  from  the  core.  The  teflon  was  at  room  tempera¬ 
ture  and  an  increase  in  temperature  was  searched  for.  Results  were  negative. 

The  experiment  was  repeated  at  the  ten  megawatt  National  Bureau  of  Standards 
reactor  and  again  results  were  negative.  In  these  experiments  a  power  output  of 
3000  ergs  per  second  could  have  been  observed  as  a  heating  effect. 

It  was  then  decided  to  employ  the  Al^  nucleii  in  a  sapphire  crystal,  again 
0.75  inches  in  diameter  and  2  inches  long.  According  to  the  theory  discussed  in 
equations  106  and  107  sapphire  should  be  have  a  much  larger  total  scattering  cross 
section  than  teflon.  Very  small  effects  were  suspected  at  room  temperatures.  It 
was  then  decided  to  repeat  the  experiments  in  a  glass  Dewar  at  liquid  helium 
temperatures.  Under  these  conditions  a  very  small  heating  effect  is  much  easier 
to  observe. 

A  new  series  of  experiments,  beginning  in  June  1978  appears  to  give  a  strong 
positive  result.  It  is  observed  that  0.151.03  ergs  per  second  are  generated  within 
the  sapphire  target  ns  the  reactor  is  switched  on. 

DISCUSSION 

A  research  reactor  area  nearly  always  has  a  very  high  level  of  human  and 
apparatus  activity  at  times  when  the  reactor  is  being  shut  down  or  starting  up. 

Many  important  checks  are  required,  for  the  reactor  and  for  continuing  experiments 
near  the  reactor.  Large  pumps  are  switched  and  large  power  fluctuations  may  occur. 

Exhaustive  checks  were  carried  out  to  determine  if  the  activity  unrelated  to 
the  neutrino  flux  could  be  causing  the  observed  effects.  In  addition  radiation 
surveys  have  been  carried  out  in  the  vicinity  of  the  sapphire  apparatus.  The  gamma 
and  neutron  radiation  levels  are  roughly  .1  millirems  per  hour.  None  of  these 
effects  appear  capable  of  producing  the  0.15  erg  per  second  heating  effect. 
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Therefore  it  appears  possible  that  the  large  cross  section  characteristic  of  the 
coherent  process  of  equations  93-  117  is  being  observed.  This  conclusion  must  be 
regarded  as  tentative  and  uncertain,  until  additional  checks  can  be  carried  out. 
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